Allogeneic hematopoietic cell transplantation is an effective therapy in patients with Richter syndrome. Background: Recent studies have shown dismal outcomes when chronic lymphocytic leukemia progresses to Richter syndrome after patients receive ibrutinib, with a median overall survival ranging from 2.6 to 3.5 months. Published data on efficacy of allogeneic hematopoietic cell transplantation in Richter syndrome are limited to single-center case series and registry data. Patients and Methods: We evaluated the efficacy of allogeneic transplantation in 10 patients, median age of 63 (range, 50-74) years, allografted at a median of 5 (range, 4-25) months from diagnosis of Richter syndrome. All showed an objective response to therapy before transplantation (first complete remission
Introduction
In 2017, it is anticipated that 20,110 cases of chronic lymphocytic leukemia (CLL) will be diagnosed in the United States. 1 Advances in the treatment of CLL have added more effective therapies to the treatment armamentarium for this disease. 2, 3 These therapies have shown efficacy across the different prognostic groups of CLL, including those cases harboring Del17p and/or mutated TP53.
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Ibrutinib, an inhibitor of the Bruton tyrosine kinase, is currently indicated in the relapsed/refractory setting and as front-line therapy in Del17p CLL. 2, 4, 7 Venetoclax, an inhibitor of B-cell lymphoma 2 (BCL-2), is approved for treatment of CLL patients with Del17p in whom at least 1 previous line of therapy has failed. 5 Unfortunately, approximately 10% of CLL cases eventually transform into a more aggressive disease, also known as Richter syndrome (RS), typically a diffuse large B-cell (DLBCL) or less often classical Hodgkin lymphoma (HL). [8] [9] [10] [11] [12] Published literature estimates an annual rate of CLL transformation ranging from 0.5% to 1%. 9, 10, 12, 13 Several risk factors have been described to be associated with development of RS, namely presence of bulky extensive adenopathy, Del17p, Del11q, IGHVunmutated CLL, and NOTCH 1 mutations, among others. 11, 13, 14 Additionally, Rossi et al showed that stereotyped B-cell receptor (BCR) is an independent risk factor for transformation to RS 15 ; and combining IGVH4-39 usage and stereotyped BCR in the same subject carries a risk of transformation of approximately 70% 5 years later. 15 survival (OS) typically ranging from 2.6 to 3.5 months. 16, 17 RS has a unique genomic landscape different from de novo DLBCL and more complex than CLL without RS, which could explain its chemorefractoriness and poor outcomes. 18, 19 Recognizing the limited efficacy of traditional 20, 21 and newer therapies 16, 17 in patients with RS, the American Society for Blood and Marrow Transplantation issued clinical practice recommendations offering an allogeneic hematopoietic cell transplantation (allo-HCT) to these patients after evidence of an objective response to anthracyclinebased chemotherapy.
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Published data on the efficacy of allo-HCT in patients with RS is limited to single-center case series of 17 patients and registry data from the European Society for Blood and Marrow Transplantation (EBMT), which reported outcomes of 25 patients who received an allo-HCT (Table 1) . [23] [24] [25] In this report, we describe a single-center experience using allo-HCT in patients with RS.
Patients and Methods
We identified a total of 10 consecutive patients with RS who received an allo-HCT between April 1, 2008 and March 31, 2016 at the Moffitt Cancer Center. Most of these cases were referred to our transplant program from other medical facilities and the diagnosis of RS was reviewed for accuracy by an experienced hematopathologist at our center. This study was approved by the institutional review board of the University of South Florida and was conducted in accordance with the Declaration of Helsinki. There were no restrictions pertaining to patient's age, remission status at time of transplantation, donor source (human leukocyte antigen-matched-related, matched unrelated, mismatched unrelated, or haploidentical donors), or cell source (bone marrow or peripheral blood stem cells [PBSC] ).
Response to RS therapy was assessed using the 2007 International Working Group response criteria. 26 Acute graft versus host disease (GVHD) was graded according to 1994 consensus criteria 27 and chronic GVHD using National Institutes of Health consensus development published in 2005. 28 Intensity of the conditioning regimen was classified according to established criteria. 29 
Study Objectives, Definition of End Points, and Statistical Methodology
The primary end point of the study was OS. Secondary end points included relapse/progression, progression-free survival (PFS), nonrelapse mortality (NRM), and causes of death. We also evaluated cumulative incidence of acute GVHD (by day þ100) and chronic GVHD (all grades or moderate/severe) by 1 year. Time to neutrophil engraftment was defined as the first of 3 consecutive days of achieving an absolute neutrophil count of 500/mL after the posttransplant nadir. Time to platelet engraftment entailed the first of 3 consecutive days with a platelet count of 20,000/mL or higher in the absence of platelet transfusion for 7 consecutive days. OS was defined as time from allo-HCT (day 0) to death from any cause and censored at time of last follow-up. Relapse/progression was defined as recurrence or progression compared with baseline remission status at the time of allo-HCT. PFS was defined from allo-HCT to time of progression, relapse, or death. NRM was defined as time from transplantation to death without relapse or progression.
Baseline characteristics related to patient, disease, and the transplant procedure are summarized using descriptive statistics such as median, SD, and range for continuous measures. Frequencies and proportion were used for categorical measures. Probability of OS was calculated using the KaplaneMeier estimate. Cumulative incidence of relapse/progression was evaluated using a competing risks model by Gray, which accounts for NRM as a competing risk. 30 Conversely, cumulative incidence of NRM was evaluated accounting for relapse/progression as a competing risk. 30 The cumulative incidence of Grade 2 to 4 acute GVHD (by day þ100) and chronic GVHD (all Grades and moderate/severe) by 1 year were estimated accounting for death and relapse/progression as competing events. All data analyses were performed using NCSS 11 (NCSS, LLC, Kaysville, UT) statistical analysis software. 
to RS therapy consisting mainly of anthracycline-based regimens (n ¼ 9, 90%). Most received a myeloablative conditioning (MAC) regimen (n ¼ 7, 70%) using PBSC (n ¼ 10, 100%) as the preferred donor source. Median time from RS diagnosis to allo-HCT was 5 (range, 4-25) months. These and other characteristics are summarized in Table 2 .
Neutrophil and Platelet Engraftment
The median time to neutrophil engraftment was 17 (range, 13-28) days. For platelets, the median time to engraftment in 9 evaluable cases was 11 (range, 9-27) days. In 1 patient, platelet count never reached > 20,000/mL.
Response After Allo-HCT
At 6 months post-transplantation, 7 evaluable patients were in complete remission (CR). Two of those 7 cases were in PR1 or PR2 before allo-HCT. One patient who was in CR at the 6-month response assessment relapsed at 7 months postallografting and died 2 months later. At 1 year, 5 evaluable patients remained in CR.
Overall Survival and PFS
The median follow-up for surviving patients was 46 (range, 15-82) months. The median OS was 9 months (95% confidence interval [CI], 3-9 months). The 4-year OS was 50% (95% CI, 19%-81%; Figure 1A ).
The median PFS was 9 months (95% CI, 3-9 months). The 4-year PFS was 50% (95% CI, 19%-81%; Figure 1B ).
Acute and Chronic GVHD and NRM
The median time to onset of acute GVHD was 34 (range, 13-76) days. The cumulative incidence of Grade 2 to 4 acute GVHD was 49% (95% CI, 21%-84%). The cumulative incidence of all Grades and moderate/severe chronic GVHD were both 14% (95% CI, 2%-66%), respectively. 
Median Number of Lines of Therapies to Treat RS
(1-2)
Remission Status at Time of Transplantation for RS
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The cumulative incidence of NRM at day þ100, 1 year, and 4 years post-transplantation were 30% (95% CI, 12%-67%), 40% (95% CI, 19%-85%), and 40% (95% CI, 19%-85%), respectively.
Relapse/Progression
The cumulative incidence of relapse/progression at 4 years postallografting was 10% (95% CI, 2%-64%). Relapse was documented in 1 patient 7 months after receiving an allo-HCT from a haploidentical donor.
Causes of Death
There were a total of 5 deaths. One patient died from relapsed disease at 9 months post-transplantation. Four patients died from causes other than relapse (steroid-refractory acute GVHD ¼ 2, chronic GVHD and infection ¼ 1, diffuse alveolar hemorrhage ¼ 1) at a median of 3 (range, 2-9) months.
Discussion
These results show the efficacy of allo-HCT in patients with RS showing a 4-year OS of 50%. Our findings are consistent with those published by the EBMT, which reported a 3-year OS of 41% when patients received a transplant in CR or partial response (PR). 23 The high NRM in our study of 40% at 1 year is explained by several reasons, namely the advanced age of patients (median of 63 years; and 60% were older than 60 years), use of MAC regimens in most cases (70%), and increased use of unrelated donors (80%). Three of 4 patients who died from nonrelapse causes received a MAC allo-HCT. In contrast, in the EBMT series, which reported a 3-year NRM of 26%, patients were relatively younger (median age of 57 years, and only 40% were older than 60 years), reduced intensity conditioning (RIC) regimens were more commonly used (72%) and 44% were allografted from sibling donors. 23 In the EBMT study, a multivariate analysis identified RIC allo-HCT as a favorable predictor of superior relapse-free survival, probably explained by a lower 3-year NRM in these patients (MAC ¼ 43% vs. RIC ¼ 19%; P ¼ .06; Table 1 ). 23 Use of MAC regimens is a known risk factor for worse NRM in patients who receive an allo-HCT for lymphomas. [31] [32] [33] However, as published in the literature for chemorefractory DLBCL and Grade 3 follicular lymphomas a higher rate of relapse occurs with RIC allo-HCT regimens. 32, 33 This highlights opportunities to incorporate post-transplant strategies to mitigate the higher risk of disease relapse when using RIC allo-HCT. In our study, the cumulative incidence of relapse/progression was 10%. Only 1 patient, 56 years old, relapsed 7 months after being allografted in CR1 from a haploidentical donor using a RIC regimen; the patient declined further treatment and died from fulminant relapse 2 months later. In the EBMT series, remission status at time of transplantation was a significant predictor of posttransplant outcomes; for instance, the 3-year OS was better when patients received a transplant in CR or PR versus in the relapsedrefractory or progressive disease state (41% vs. 21%). 23 This was also the case in a series of 17 patients from the M.D. Anderson Cancer Center, which described superior 3-year OS in patients allografted in CR/PR (75% vs. 21%). 24 These highlight the importance of performing allo-HCT in RS patients who show an objective response to treatment before the procedure. We acknowledge several limitations in our study including its retrospective nature, a small sample size, and single-center data. Another limitation was the inability to confirm the clonal relationship between CLL and RS. This is explained by the fact that these patients were referred from other medical facilities and the tissue source was obtained for the sole purpose of confirming the diagnosis of RS. Of note, this limitation was also acknowledged in the EBMT study. 23 Notwithstanding this limitation, it is important to note that in approximately 80% of RS cases the DLBCL is clonally related to CLL. 10, 34 Future research should focus on developing more effective models to better predict CLL patients at high risk of transformation to RS. This is of utmost importance considering the dismal survival of patients who transform while receiving ibrutinib. 16, 17 In our series, only 1 patient had received ibrutinib and later idelalisib for treatment of CLL before transformation to RS occurred; and was allografted in CR from a haploidentical donor. This patient ultimately relapsed and died 9 months after her allo-HCT.
A recently published phase II study described the efficacy of pembrolizumab, a humanized programmed death 1 (PD-1)-blocking antibody, showing objective responses in 4 (44%) of 9 RS cases. 35 Interestingly, the authors describe that all responses occurred in RS patients whose disease progressed after ibrutinib treatment. 35 Although these data are encouraging the findings beg validation in a larger study. 35 Also, it is of paramount importance to show the safety and feasibility of using PD-1 inhibitors in patients who are being considered for future allo-HCT. A recent multicenter study showed that use of PD-1 blockade in patients with classical HL whose disease relapsed after an allo-HCT was complicated by rapid onset of severe and treatment-refractory GVHD. 36 Other studies using a different checkpoint inhibitor showed GVHD exacerbation in patients who received allograft for relapsed HL who had previous acute GVHD. 37 
Conclusion
Allo-HCT is an effective treatment option for patients with RS who show an objective response before allografting. In this setting, long-term OS is anticipated in 41% to 75% of cases. Patients with RS must be referred to transplantation centers as soon as the diagnosis is confirmed to evaluate their candidacy for allo-HCT and identify a suitable human leukocyte antigen-compatible donor in a timely manner. Although there are no randomized controlled studies that have compared the efficacy of the conditioning regimen intensity (RIC vs. MAC), findings from the published literature favor using an RIC allo-HCT because of a lower NRM rate.
Clinical Practice Points
The findings of our study show that allo-HCT is capable of inducing durable responses in patients with RS, provided that an objective response is attained before allografting. Use of MAC results in a high incidence of NRM of 40%. Thus, a RIC allo-HCT might be preferable, whenever indicated, considering the relatively advanced age of these patients.
